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Many-body phenomena are paramount in physics 1, 2. In condensed matter, their hallmark
is considerable on a wide range of material characteristics spanning electronic, magnetic,
thermodynamic and transport properties. They potentially imprint non-trivial signatures in
spectroscopic measurements, such as those assigned to Kondo 3–5, excitonic 6 and polaronic 7
features, whose emergence depends on the involved degrees of freedom. Here, we address
systematically zero-bias anomalies detected by scanning tunneling spectroscopy on Co atoms
deposited on Cu, Ag and Au(111) substrates, which remarkably are almost identical to those
obtained from first-principles. These features originate from gaped spin-excitations induced
by a finite magnetic anisotropy energy, in contrast to the usual widespread interpretation
relating them to Kondo resonances. Resting on relativistic time-dependent density functional
and many-body perturbation theories, we furthermore unveil a new many-body feature, the
spinaron, resulting from the interaction of electrons and spin-excitations localizing electronic
states in a well defined energy.
The Kondo effect emerges from the many-body interaction between the sea of electrons in a
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metal and the magnetic moment of an atom 3, 4, whose signature is expected below a characteristic
Kondo temperature TK . One of its manifestations is a resistivity minimum followed by a strong
increase upon reducing the temperature, as initially observed in metals doped with a low concentra-
tion of magnetic impurities 8. When the latter are deposited on surfaces, they can develop Kondo
resonances evinced by zero-bias anomalies, with various Fano-shapes 9, 10 that are detectable by
scanning tunneling spectroscopy (STS), as shown schematically in Figure 1a. The discovery of
such low-energy spectroscopic features by pioneering STS measurements 5, 11–13 opened an active
research field striving to address and learn about many-body physics at the sub-nanoscale. A sem-
inal example is Co adatoms deposited on Cu, Ag and Au(111) surfaces 5, 11, 13–18, which develop
a dip in the transport spectra, with a minimum located at a positive bias voltage surrounded by
steps from either sides (Figure 1b). Although being commonly called Kondo resonances, the hall-
marks of the Kondo effect have so far not been established for those particular Co atoms, i.e. the
disappearance of the Kondo resonance at temperatures above TK and the splitting of the feature
after applying a magnetic field 4, 12, 19–21. While a huge progress was made in advanced simula-
tions combining quantum impurity solvers with density functional theory (DFT) addressing Kondo
phenomena for various impurities, often neglecting spin-orbit interaction, the obtained electronic
structure spectra do not reproduce, in general, the experimental ones (see e.g. Refs. 22–25).
In the current work, we provide an alternative interpretation for the observed zero-bias
anomalies in Co adatoms deposited on Cu, Ag and Au(111) surfaces, utilizing a recently developed
framework resting on relativistic time-dependent DFT (TD-DFT) in conjunction with many-body
perturbation theory (MBPT). Our first-principles simulations indicate that the observed features
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Figure 1: Scanning tunneling spectroscopy probing the differential conductance of a Co
adatom. (a) Illustration of the tip of a microscope scanning the surface of Au(111) on which
an fcc Co adatom is deposited. (b) The differential conductance, dI/dV , measured at T = 6 K 17
compared to first-principles results. As deduced from the change of the LDOS owing to the pres-
ence of spin-excitations, ∆n, the zero-bias anomaly stems from gaped spin-excitations and the
presence of a many-body bound state, a spinaron, at positive bias voltage. The experimental data
adapted with permission from IOP Publishing – Japan Society of Applied Physics – Copyright
(2005).
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find their origin in inelastic spin-excitations (SE), as known for other systems 12, 26–33, which are
gaped SE owing to the magnetic anisotropy energy that favors the out-of-plane orientation of the
Co moment. As illustrated in Figure 1b, the resulting theoretical transport spectra are nearly identi-
cal to the experimental ones, advocating for a non-Kondo origin of the features. This effect induces
two steps, asymmetric in their height, and leads to the typically observed shape in the differential
conductance, thanks to the emergence in one side of the bias voltage of a new type of many-body
feature: a bound state that we name spinaron, emanating from the interaction of the spin-excitation
and electrons.
We compare our theoretical data to measurements obtained with low-temperature STS and
proceed with a three-pronged approach for the first-principles simulations. We start from regular
DFT calculations based on the full-electron Korringa-Kohn-Rostoker (KKR) Green function 34, 35
method, which is ideal to treat Co adatoms on metallic substrates. We continue by building the
tensor of relativistic dynamical magnetic susceptibilities for the adatom-substrate complex, χ(ω),
encoding the spectrum of SEs 28, 36, 37. Finally, the many-body self-energy, Σ(ε), is computed ac-
counting for the SE-electron interaction including the spin-orbit coupling. The Tersoff-Hammann
approach 38 allows the access to the differential conductance via the ground-state LDOS decaying
from the substrate to the vacuum, where the STS-tip is located. This is then used to evaluate the
renormalization of the differential conductance because of the SEs. More details are given in the
Methods section and Supplementary Note 1.
We discuss here the different ingredients leading to the spectrum shown in Figure 1b, which
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Figure 2: Spin-excitations, self-energies and local density of states for Co adatom/Au(111).
(a) Density of spin-excitations showing a broad resonance located at 6.8 meV, due to the adatom’s
magnetic anisotropy energy. The lifetime of the spin-excitation is 0.29 ps, which is mainly settled
by electron-hole excitations. (b) Spin-resolved electronic self-energy, which inherits the infor-
mation on the presence of the spin-excitation by hosting asymmetric steps above and below the
Fermi energy. (c) LDOS at the adatom site before (n0) and after (n) accounting for the interac-
tion between electrons and the spin-excitation. (d) Spin-resolved change in the LDOS calculated
in the vacuum above the adatom. The minority-spin channel shows a low-intensity feature above
the Fermi energy as expected from the corresponding self-energy. The large feature present in the
majority-spin channel is composed of two steps, one originating from the intrinsic spin-excitation
while the other is the spinaron, arising from the interaction of electrons and spin-excitations.5
was found to be in a remarkable agreement with the data of Ref. 17, in particular. The adatom
carries a spin moment of 2.22µB and a relatively large orbital moment of 0.43µB. The easy axis
of the Co magnetic moment is out-of-plane favored by a substantial magnetic anisotropy energy
(MAE) of 4.46 meV (Table 1). This opens a gap in the SE spectrum, as illustrated in Figure 2a,
which shows the density of transversal SEs describing spin-flip processes, − 1
pi
Imχ+−(ω). The
SE arises at 6.8 meV, which is shifted from the expected ideal location, 8 meV, as obtained from
4 MAE
Mspin
because of dynamical corrections37. As a result of electron-hole excitations of opposite
spins 39, the lifetime τ of the SE is reduced down to 0.29 ps (τ = h¯
Γ
, Γ being the resonance width at
half maximum). A simplified theory indicates that this effective damping is enhanced by the finite
LDOS at the Fermi energy, which settles the density of electron-hole excitations 36. The interaction
of electrons and spin-excitations is incorporated in the so-called self-energy. It is represented by
a complex quantity, with the real part shifting the energy of the electrons, and the imaginary part
describing their inverse lifetimes. The significant components of the self-energy are spin diagonal,
considering that the contribution of the off-diagonal elements is negligible for the investigated C3v-
symmetric adatom-substrate systems (see Supplementary Note 1). These quantities are computed
from the dynamical susceptibilities χ(ω) and the ground-state density n0(ε). For instance, the
imaginary part for a given spin channel σ, Im Σσσ(εF +V ), is proportional to
∫ −V
0
dω nσ¯0 (εF +V +
ω) Imχσσ¯,σ¯σ(ω), i.e. it is a convolution of the ground-state density, n0(ε), of the opposite spin-
character and the SE density integrated over the bias voltage of interest. This quantity is plotted
in Figure 2b. Two steps are present, one for each spin channel, located at positive (negative) bias
voltage for the minority (majority) self-energy. This is expected from the integration of the SE
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density over a resonance. As the self-energy of a given spin-channel is proportional to the LDOS of
the opposite spin-character, the majority-spin self-energy has a higher intensity than the minority
one, as expected from adatom LDOS illustrated in Figure 2c, which decreases substantially the
lifetime of the majority-spin electrons compared to that of minority-spin type.
The ground-state LDOS, nσ0 (ε), of Co adatom (depicted in Figure 2c as black lines) varies
very weakly for a bias voltage range of ∼ 60 meV at the vicinity of the Fermi energy. The LDOS
is then renormalized by the SE-electron interaction upon solving the Dyson equation
GR(ε) = [1−G(ε) Σ(ε)]−1G(ε), (1)
from which the renormalized LDOS is obtained by tracing over site, spin and angular momenta of
the Green function: n(ε) = − 1
pi
Im TrGR(ε).
At the adatom site (Figure 2C), step-like features arise in the LDOS at the SE energy. The
minority-spin LDOS hosts one single feature above the Fermi energy as expected from the corre-
sponding self-energy. In contrast, the majority-spin LDOS is marked with an additional feature at
positive voltage, which we identify as a many-body bound state — a spinaron. It emerges from the
electron-SE interaction, which can localize electrons in a finite energy window, as expected when
the denominator of the Dyson equation, Eq. (1), cancels out. The spinaron is characterized by an
energy and a lifetime, both dictated by the spin-orbit interaction, since it defines the magnitude of
the SE-gap, and the electron-hole excitations.
The adatom electronic features decay into the vacuum, which are probed by the STS-tip in
7
terms of the differential conductance. The signature of the SE is better seen in the change of the
vacuum LDOS, ∆n = n − n0, illustrated in Figure 1b and being spin-decomposed in Figure 2d.
One sees that the origin of the two steps and their asymmetry observed experimentally and theoret-
ically is the concomitant contribution of the spin-excitation features and the spinaron. The signal
is mainly emanating from the majority-spin LDOS, with the spinaron showing up as a step being
higher than the one corresponding to the intrinsic SE below the Fermi energy. We note that the
spinaron bears similarities to the spin polaron suggested to exist in halfmetallic ferromagnets 40.
We performed a systematic comparison between simulated and experimental data and evi-
denced that the spinaron is a generic feature for Co adatoms deposited on Cu(111), Ag(111) and
Au(111). The agreement shown in Figure 3a is staggering, certifying that the result obtained for
Au(111) surface is not accidental. This enforces our view that the experimentally observed zero-
bias features for Co adatoms are captured by gaped SEs. The positions of the steps correlate
with the magnitude of the MAE given in Table 2. Interestingly, the lifetimes of the intrinsic spin-
excitation increase slightly on Cu and Ag surfaces when compared to that obtained on Au. For the
quantitative validation of the agreement between the theoretical and experimental data, we fit our
data with the commonly used Fano-resonance formula for the differential conductance of Kondo
resonances 9, 10, 15:
n(ε) = A (ε+ q)
2
ε2 + 1
, (2)
with A being the amplitude of the signal and q the coupling parameter.
The latter plays an important role in the Fano formalism as it determines the shape and
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Figure 3: Systematic tunneling transport spectra of Co adatoms on Cu, Ag and Au(111) sur-
faces. (a) Excellent agreement between the first-principles spectra and those measured with STS
at temperatures of 1.2 K 13, 1.1 K 41, 6 K 17 (b) Spin-resolved spectra indicating that spin-polarized
spectroscopy can reshape the measured differential conductance, which would help to disentan-
gle the various contributions to the spectra. (c) Response of the zero-bias anomalies to magnetic
fields. The spin-excitation gap opens while the dip moves to larger energies. Large magnetic field
are possible in some STS setups (14 T 42 or even 38 T 43, 44). (d) Proximity effects can be used via
neighboring adatoms and by depositing thin films of noble metals on a ferromagnetic substrate,
where the magnetic exchange interaction felt by the adatom acts as an effective magnetic field.
The experimental data in (a) adapted with permission from IOP Publishing for Cu 13 and from the
Japan Society of Applied Physics – Copyright (2005) for Au 17 as well as from Nature Publishing
Group for Ag 41.
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asymmetry of the STM-signal. ε = (eV − E0)/kBT effK encodes the information regarding the
effective Kondo temperature T effK , as well as the bias voltage V (with kB being the Boltzmann
constant and E0 the position of the investigated resonance). The fitted Fano-parameters are listed
in Table 2. Astonishingly, the recovered effective temperatures are in perfect agreement with the
ones obtained from experimental data.
Kondo resonances should not change when probed by a spin-polarized tip. Our spectra are
however spin-dependent and thus we expect the alteration of their shape depending on the spin-
polarization of the tip, Ptip =
n↑tip−n↓tip
n↑tip+n
↓
tip
, since the differential conductance is approximately propor-
tional to (1 +Ptip)n
↑
adatom + (1−Ptip)n↓adatom 38, 46. Ultimately, manipulating the spin-polarization of
the tip (see e.g. Ref. 47) would help spin-resolving the LDOS as depicted in Figure 3b for the three
investigated substrates.
Furthermore, the zero-bias dip is expected to split into two features for a traditional Kondo
resonance once an external magnetic field is applied 4. Figure 3c shows a completely different
behavior. The field applied along the easy axis of the Co atoms yields an increase of the excitation
gap, as expected, and of the spinaron energy (see the spin-resolved spectra in Fig. S1). The
interplay of the various features gives the impression that the observed dip drifts to energetically
higher unoccupied states, which occurs because of the presence of the spinaron. We note that
applying a magnetic field in the direction perpendicular to the magnetic moment, would affect
the excitation gap in a non-trivial way ?. A field of 14 Tesla is available in some STS setups 42
and can even reach 38 Tesla 43, 44. Larger fields can be accessed effectively via magnetic-exchange-
10
Surface τ (ps) MAE (meV) Mspin(µB) Morb(µB)
Cu(111) 0.39 4.29 2.02 0.47
Ag(111) 0.35 3.27 2.21 0.70
Au(111) 0.29 4.46 2.22 0.44
Table 1: Basic calculated properties of Co adatom on Cu, Ag and Au(111) surfaces. Lifetime
of the transverse spin excitations τ , magneto-crystalline anisotropy (MAE), amplitude of the spin
Mspin(µB) and orbital momentsMorb(µB). The positive sign of the MAE indicates that the magnetic
moment points perpendicular to the three investigated substrates.
Surface E0(meV) T effK (K) T
exp
K (K) q q
exp
Cu(111) 3.74 37.3 44.9 [57 17] 0.42 0.38 [0.5 13]
Ag(111) 4.71 89.4 73 [56 41,45] -0.05 -0.004 [0.02±0.02 41,45]
Au(111) 10.61 67.5 91 [76±8 17] 0.55 0.45 [0.7 17]
Table 2: Fitted Fano parameters for a single Co adatom deposited on Cu, Ag and Au(111)
surfaces. The resonance formula used for fitting is given in Eq. (2). The effective Kondo tem-
perature T effK and the coupling parameter q extracted from our own fits of the experimental and
theoretical spectra are compared to those published in Refs. 13, 17, 41, 45 (values between brackets).
11
mediated proximity effect by either (i) bringing another magnetic atom to the vicinity of the probed
adatom or (ii) depositing the probed adatom on a magnetic surface with a non-magnetic spacer in-
between (see Figure 3d). If the adjacent atom is non-magnetic, it can modify the MAE which
dictates the magnitude of the SE gap.
The zero-bias anomalies probed by low-temperature scanning tunneling spectroscopy on Co
atoms deposited on Cu, Ag and Au (111) surfaces, usually identified as Kondo resonances, are
shown to be the hallmarks of gaped spin-excitations enhanced by the presence of spinarons. The
gap is induced by the magnetic anisotropy energy of the adatom, defining the meV energy scale
requested to excite the magnetic moment, and therefore its magnitude can be extracted from the
position of the observed steps. Grounding on a powerful theoretical framework based on relativis-
tic time-dependent density functional and many-body perturbation theories, we obtain differential
conductance spectra fitting extremely well the measured data. We systematically demonstrate the
presence of spinarons, which are many-body bound-states emerging from the interaction of elec-
trons and spin-excitations. This calls for a profound change of our understanding of measured
zero-bias anomalies of various nanostructures. By opening a new perspective on low-energy spec-
troscopic features characterizing subnanoscale structures deposited on substrates, built upon the
pioneering work of the STS community (see e.g. Refs. 5, 11–13), our findings motivate new ex-
periments exploring the interplay of temperature, proximity effects and response to an external
magnetic field, which can help identifying the real nature of the observed excitations.
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Methods
Our first principles approach is implemented in the framework of the scalar-relativistic full-electron
Korringa-Kohn-Rostoker (KKR) Green function augmented self-consistently with spin-orbit inter-
action 34, 35, where spin-excitations are described in a formalism based on time-dependent density
functional theory (TD-DFT) 28, 36, 37 including spin-orbit interaction. Many-body effects triggered
by the presence of spin-excitations are approached via many-body perturbation theory 48 extended
to account for relativistic effects. The method is based on multiple-scattering theory allowing an
embedding scheme, which is versatile for the treatment of nanostructures in real space. The full
charge density is computed within the atomic-sphere approximation (ASA) and local spin density
approximation (LSDA) is employed for the evaluation of the exchange-correlation potential 49. We
assume an angular momentum cutoff at lmax = 3 for the orbital expansion of the Green function and
when extracting the local density of states a k-mesh of 300 × 300 is considered. The Co adatoms
sit on the fcc stacking site relaxed towards the surface by 20% (14%) of the lattice parameter of the
underlying Au and Ag (Cu) substrates.
After obtaining the ground-state electronic structure properties, the single-particle Green
functions are then employed for the construction of the tensor of dynamical magnetic susceptibili-
ties, χ(ω), within time-dependent density functional theory (TD-DFT) 28, 36, 37 including spin-orbit
interaction. The susceptibility is obtained from a Dyson-like equation, which renormalizes the
bare Kohn-Sham susceptibility, χ
KS
(ω) as
χ(ω) = χ
KS
(ω) + χ
KS
(ω)Kχ(ω) . (3)
13
χ
KS
(ω) describes uncorrelated electron-hole excitations, whiileK represents the exchange-correlation
kernel, taken in adiabatic LSDA (such that this quantity is local in space and frequency-independent 50).
The energy gap in the spin excitation spectrum is accurately evaluated using a magnetization sum
rule 28, 36, 37.
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